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ABSTRACT We have examined the expression of the heat
shock protein (hsp7O) gene in human cells. The transcription of
the hsp7O gene and accumulation of cytoplasmic hsp70 mRNA
is induced by serum stimulation. Populations of HeLa cells and
human embryonic kidney cells (cell line 293) were serum
starved. Upon serum stimulation, the level of hsp70 mRNA
transiently increases between 12 and 18 hr to a 10-fold higher
level. The increased levels ofhsp70 mRNA can be accounted for
by a 10- to 15-fold increase in the rate of transcription of the
hsp7O gene. When cells were serum-stimulated in the presence
of an inhibitor of DNA synthesis, 1-p-D-arabinofuranosylcyto-
sine (araC), the levels of hsp70 mRNA were induced to only
20% of the maximal level detected in the absence of the inhibitor.
This suggests that the expression of the hsp7O gene is coupled to
DNA synthesis. The cloned human hsp7O gene contains regulatory
sequences that confer serum-stimulated transcriptional con-
trol. The endogenous hsp7O gene and the transfected chimeric
gene containing sequences upstream of the hsp7O gene fused to
bacterial chloramphenicol acetyltransferase are both tempo-
rally expressed in stable transfectants of cell line 293 cells. The
endogenous hsp70 mRNA and the chimeric mRNA reach
maximum levels 12-18 hr after serum stimulation.

The recent discoveries of different functional classes of viral
oncogenes and their cellular counterparts, the protoonco-
genes, have provided insights into the events that lead to
cellular transformation. One class of viral oncogenes that
does not appear to have cellular analogs is the transforming
genes of DNA tumor viruses. The process of DNA tumor
virus-initiated cellular transformation can be revealed by
identifying cellular genes whose expression is directly affect-
ed by viral transforming gene products. The transforming
gene products of adenovirus serotype 5 (AdS) ElA and
polyoma large T antigen have been implicated in the immor-
talization of primary cells in culture (1-6). The mechanism(s)
by which primary cells become immortalized is not under-
stood. Yet, it would seem likely that some of the events are
mediated through altered expression of cellular genes. In-
deed, adenovirus ElA has been shown to be both a positive
transcription activator (7-11) and a repressor (12, 13) of viral
and cellular gene expression. One cellular gene that is
transcriptionally activated by two different oncogene prod-
ucts, adenovirus ElA (14, 15) and mouse rearranged c-myc
(16), is the gene that encodes the major 70,000-Da heat shock
protein (hsp70).
We have isolated a human hsp70 gene that is induced early

in Ad5 infection ofHeLa cells and is constitutively expressed
in AdS-transformed human embryonic kidney cells (cell line
293 cells) (17). The high levels of hsp70 mRNA in cell line 293
cells was expected because these cells express the AdS EJA
gene (18), whose product has been shown to induce the

synthesis of hsp70. HeLa cells also express hsp7O at low but
detectable levels (15, 17). The constitutive synthesis of hsp70
mRNA in HeLa and cell line 293 cells maintained at normal
growth temperatures suggests that the expression of the
hsp70 gene can be regulated by mechanisms independent of
heat shock.

In this study, we show that transcription of the hsp70 gene
and levels of hsp70 mRNA are induced by serum stimulation
in two human cell lines, HeLa and 293 cells. The increase in
hsp70 mRNA after serum stimulation is blocked by 1-p-D-
arabinofuranosylcytosine (araC), an inhibitor of DNA syn-
thesis. The DNA sequences that respond to serum-stimulated
expression reside in the 5' upstream regions. A chimeric
gene, containing the heat shock promoter fused to the
bacterial gene encoding chloramphenicol acetyltrarisferase,
retains the serum-stimulated expression observed for the
endogenous hsp70 gene.

MATERIALS AND METHODS
Cells and Plasmids. HeLa and 293 cells (from P. Sharp,

Massachusetts Institute of Technology) were grown in
Dulbecco's modified Eagle's medium (DME medium) with
5% fetal calf serum at 370C. Plasmid pH2.3 [a 2.3-kilobase
(kb) BamHI/HindIII fragment] contains the entire hsp70
coding region (17). Plasmid pHBCAT, constructed by R.
Kingston, contains 2.4 kb of 5' sequences of the human hsp70
gene fused with the bacterial chloramphenicol acetyltrans-
ferase (CAT) gene (17). Plasmid pSV2-ECOGPT contains the
bacterial xanthine/guanine phosphoribosyltransferase gene
(19). Plasmid pJOL contains 0-7.8 map units of Ad5 (20).

Isolation of RNA, S1 Nuclease Protection, and Run-on
Transcription. Cytoplasmic RNAs were isolated and the
levels of hsp70 mRNA were determined by S1 nuclease
protection using plasmid pH2.3 3'-end-labeled at the BamHI
site (17). The S1 nuclease-protected fragments were analyzed
by alkaline/agarose or polyacrylamide gel electrophoresis.
The relative amounts of hsp70 mRNA were established by
quantitation of densitometric scans of the autoradiographic
exposures or by liquid scintillation counting of the excised S1
nuclease-protected fragments.

Nuclei were isolated from cells in 10 mM Tris'HCl, pH
7.4/10 mM NaCl/3 mM MgCl2/0.5% Nonidet P-40. The
nuclear pellet was frozen in an equal vol of 40% glycerol/50
mM Tris HCl, pH 8.3/5 mM MgCl2/0.1 mM EDTA at 2 X 109
nuclei per ml. [32P]UTP-labeled nascent transcripts were
prepared by in vitro runoff transcription using isolated nuclei
and were hybridized to plasmid DNAs (21).
Serum Stimulation. HeLa and 293 cells were plated in DME

medium containing 5% fetal calf serum at 10% confluence and

Abbreviations: hsp, heat shock protein; araC, 1-,8-D-arabinofurano-
sylcytosine; AdS, adenovirus serotype 5; kb, kilobase(s); CAT,
chloramphenicol acetyltransferase.
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grown to 80% confluence. The cells were washed with
warmed phosphate-buffered saline, incubated for 48 hr in
DME medium without serum, and stimulated with fresh
medium containing 20% fetal calf serum. At the indicated
times after stimulation, the cells were processed and nuclei
and cytoplasmic RNA were isolated.

Suspension cultures of 293 cells were maintained at 2 x 105
cells per ml in Joklik's medium containing 5% fetal calf
serum. For serum starvation, the cells were grown to a
density of 6 X 105 cells per ml, collected by centrifugation,
and returned to Joklik's medium containing 0.5% fetal calf
serum for 72 hr. The cells were stimulated by addition of 20%
fetal calf serum. At the indicated times, 1-ml aliquots were
labeled with [3H]thymidine (2 ACi/ml; 1 Ci = 37 GBq), lysed
in 0.1 M NaCl/10 mM Tris HCl, pH 7.4/1 mM EDTA/0.5%
NaDodSO4, diluted 1:3.5 with H20 and brought to a final
concentration of 10% (vol/vol) trichloroacetic acid.
DNA Transfection and Colony Selection. Cell line 293 cells

were cotransfected with 10 ,tg each of pHBCAT and pSV2-
ECOGPT. Cells were plated at a density of 106 cells per
10-cm2 dish and were incubated for 24 hr with DNA-calcium
phosphate coprecipitates (22). Cells were washed twice with
warmed phosphate-buffered saline, and fresh medium was
added. After 2 days, the cells were trypsinized and plated at
i05 cells per 10-cm2 dish and incubated in DME medium
containing 25 ,ug of mycophenolic acid per ml (Eli Lilly), 250
,ug of xanthine per ml, 10 ,ug of thymidine per ml, 25 ,g of
hypoxanthine per ml, 2 ,g of aminopterin per ml, 150 ,ug of
L-glutamine per ml, and 5% fetal calf serum (19). Approxi-
mately 10-20 colonies per dish were visible by day 10, and
individual clones were isolated and expanded.

RESULTS
Expression of the hsp7O Gene in Serum-Stimulated Cells. We

examined the levels of cytoplasmic hsp7o mRNA in cells that
were serum-starved and subsequently serum-stimulated.
Cells maintained in the serum-deficient medium for 2 days
were stimulated by addition of fresh medium containing 20%
fetal calf serum. We detected a marked decrease in the
growth rate of cell line 293 cells in serum-deficient medium.
The lack of cell growth over the 2-day period did not affect
cell viability.
The level of hsp70 mRNA was measured by S1 nuclease

protection, using a 32P-labeled template prepared from the
cloned human hsp7O gene and an equal quantity of cytoplas-
mic RNA from each time point after serum stimulation. The
S1 nuclease-resistant products were analyzed by gel electro-
phoresis (Fig. 1). Cells maintained in serum-deficient medium
contain lower levels of hsp70 mRNA than in exponentially
growing cells (data not shown). In cell line 293 cells, the low
level of hsp70 mRNA is maintained until 6-8 hr after serum
stimulation. The level of hsp70 mRNA increases 10-fold at
12-18 hr and is reduced to 30% of maximum by 22 hr. Neither
the size of the hsp70 transcript nor the site of transcription
initiation is altered in serum-starved or in serum-stimulated
cells (data not shown).
We were concerned that the results on the expression of the

hsp7O gene in cell line 293 cells might be unique. Therefore, we
examined the expression of the hsp7O gene in HeLa cells using
the same regimen of serum starvation and serum stimulation.
The temporal pattern of hsp7o mRNA accumulation in serum-
stimulated HeLa cells is similar to that observed for cell line 293
cells (Fig. 2). The level of hsp7o mRNA in HeLa cells increases
10-fold by 12-18 hr after serum stimulation and declines to lower
levels by 30 hr. The similar results obtained using either cell line
293 (Fig. 1) or HeLa cells (Fig. 2) suggest that serum-stimulated
regulation of hsp7O gene expression is an intrinsic property of
the hsp7O gene.

Transcription of the hsp7O Gene in Serum-Stimulated Cell
Line 293 Cells. The accumulation of higher levels of hsp7O
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FIG. 1. The levels of cytoplasmic hsp7O mRNA in serum-
stimulated cell line 293 cells. (A) Relative levels of cytoplasmic hsp70
mRNA were determined by S1 nuclease protection using pH2.3 as
template (12-hr exposure). (B) Physical map of the human hsp7O gene
(solid area) and the direction of transcription (arrow). The 2.8-kb
BamHI fragment contains 150 base pairs of 5' nontranslated se-
quences and upstream sequences. B, BamHI; H, HindIII. (C)
Relative levels of hsp70 mRNA in stimulated cells. The autoradi-
ogram in A was quantitated and results were normalized to the
maximum level of hsp70 mRNA (12 hr).

mRNA after serum stimulation could be due either to an
increase in the rate of transcription of the hsp7O gene or to
altered stability of hsp70 mRNA. We examined the former
possibility by measuring the relative rates of transcription of
the hsp7O gene in serum-starved and subsequently in serum-
stimulated cell line 293 cells. We used the method of run-on
in vitro transcription in isolated nuclei in which preinitiated
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FIG. 2. Levels ofcytoplasmic hsp70 mRNAs in serum-stimulated
HeLa cells. (A) Relative levels of cytoplasmic hsp70 mRNAs were
determined by S1 nuclease protection (as described in Fig. 1) (48-hr
exposure). (B) Relative levels of hsp70 mRNA in serum-stimulated
cells. The autoradiogram in A was quantitated as described in Fig. 1.
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nascent transcripts are elongated in a reaction cocktail
containing [32P]UTP. To obtain a sufficient quantity of nuclei,
cell line 293 cells were grown in suspension and serum-
stimulated. The levels of cytoplasmic hsp70 mRNA were
measured from each time point, providing a comparison to
previous experiments. Consistent with the results shown in
Fig. 1, hsp70 mRNA levels increase by 10 hr and reach
maximum levels by 18 hr after stimulation (Fig. 3A). The
32P-labeled nascent transcripts isolated from nuclei of serum-
stimulated cells were hybridized to nitrocellulose filters
containing plasmid DNAs for the vector PAT153, the cloned
hsp7O gene (pH2.3), and the cloned adenovirus EiA and EJB
genes (pJOL). Plasmid pJOL provides an internal control to
which the transcriptional activity of the hsp7O gene can be
compared. Transcription of the hsp70 gene increases 10- to
15-fold 10-18 hr after serum stimulation (Fig. 3 B and C). For
comparison, the rate of transcription in heat shocked cells
increases 15-fold after 15 min at 43TC. Whereas hsp70 mRNA
declines to undetectable levels at 30 hr, the hsp7O gene
continues to be transcribed at 30% maximal rates. We
conclude that the increase in hsp70 transcription can account
for the increase in levels of cytoplasmic hsp70 mRNA in
serum-stimulated cell line 293 cells.

In contrast, transcription of the integrated EJA and EIB
genes does not display the same temporal pattern observed
for the hsp7O gene. Whereas the hsp7O gene is not transcribed
in serum-starved cells, substantial levels of hybridization to
pJOL are detected (Fig. 3B). Transcription from EJA and
EIB genes appears to be temporally regulated after the
addition of serum; however, our studies do not distinguish
which pre-early genes are transcribed. Indeed, by 18 hr when
transcription of the hsp7O gene is at maximal levels, tran-
scription of AdS EIA and LIB has declined.
DNA Synthesis and hsp7O Gene Expression. In previous

experiments, we had observed a temporal relationship be-
tween hsp7O gene expression and DNA synthesis. To exam-
ine this relationship, cell line 293 cells were serum-starved
and subsequently serum-stimulated in the presence of the
DNA synthesis inhibitor araC (23). Two populations of cells
were maintained-control and araC treated. At various times
after serum stimulation, aliquots were removed, [3H]thymi-
dine incorporation was measured, and the level of hsp70
mRNA was determined by S1 nuclease analysis. In the
presence of araC, 90% of the serum-stimulated DNA syn-
thesis was blocked (Fig. 4A). The araC treatment also
depressed the level of hsp70 mRNA to only 20% of the
maximum detected in serum-stimulated cells (Fig. 4B and C).
The araC block appears to be specific because neither the
level of [3H]uridine incorporation into pulse-labeled nuclear
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RNA nor the steady-state level of a-tubulin mRNA was
affected (data not shown). Although the expression of the
hsp7O gene is no longer serum-stimulated in the araC-treated
cells, it remains heat shock inducible. Cells serum-stimulated
and araC-treated for 16 hr were heat shocked, and the level
of hsp70 mRNA was measured by S1 nuclease analysis. As
shown in Fig. 4B, the level of hsp70 mRNA is induced 12-fold
by heat shock. This heat shock induction of hsp70 mRNA is
much greater than the normal 2-fold heat shock induction in
exponentially growing cell line 293 cells (17). However,
serum-starved cells have a lower basal level of hsp70 mRNA.
Indeed, the levels of hsp70 mRNA attained upon heat shock
of the araC-treated cell line 293 cells and exponentially
growing 293 cells are comparable. Treatment of 293 cells with
araC does not alter either overall RNA metabolism or the
heat shock-induced transcriptional machinery. We conclude
that DNA synthesis and hsp70 mRNA levels are coupled.

Serum-Stimulated Expression of the Chimeric Heat Shock
CAT Gene. We have previously demonstrated that the nucle-
otide sequences upstream of the 5' terminus of the hsp70 gene
confer both heat shock and AdS inducibility (17). To deter-
mine whether this region also contains sequences responsive
to serum stimulation, we generated stable transfectants of
cell line 293 cells containing a chimeric gene, pHB-CAT. This
chimera is composed of 2.6 kb of upstream sequences from
the genomic human hsp7O gene fused to a heterologous test
gene encoding bacterial CAT.

Cell line 293 cells were cotransfected with pHB-CAT and
pSV2-ECO-GPT and were selected on medium containing
mycophenolic acid (22). Six independent clones were isolated
and expanded, and cytoplasmic RNAs were prepared from
cells maintained at 370C or heat shocked at 43TC. The pHB
CAT gene was constitutively expressed at 370C in each of the
six independent transformants. The level of pHB-CAT
mRNA increased 2-fold after heat shock, as does the endog-
enous hsp70 mRNA (Fig. 5). Each of the transformants was
serum-starved and serum-stimulated to determine whether
the expression of the heterologous gene mimics the endog-
enous hsp7O gene. The results for one clonal line (293-pSV2-
HB-CAT) are shown. The endogenous hsp70 mRNA and the
heterologous pHB-CAT mRNA in serum-deprived and se-
rum-stimulated 293-pSV2-HBCAT-12 cells were measured
by S1 nuclease protection. Specific DNA templates that
distinguished between the endogenous hsp7O gene apd pHB-
CAT mRNA were prepared. The size of S1 nuclease-
protected fragments are 2.15 kb for the endogenous hsp70
mRNA and 400 base pairs for the pHB-CAT mRNA (17). The
similar temporal pattern of pHB-CAT and hsp70 mRNAs
shown by clone 293-pSV2-HBCAT-12 (Fig. 5 C and E) was
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FIG. 3. Transcription of the hsp7O gene in serum-stimulated cell line 293 cells. (A) Relative levels of cytoplasmic hsp70 mRNAs were

determined by S1 nuclease protection (12-hr exposure). (B) Nuclei were prepared from cells at the indicated times (hours) after serum stimulation.
[32P]UTP-labeled in vitro elongated run-on transcripts prepared from 108 cells were hybridized to nitrocellulose filters containing 0.25 ,ag and
1 ,Ag of plasmids: pAT153, human hsp7O (pH2.3), and Ad5 EIA and EIB (pJOL). The level pf hsp7O gene transcription in exponentially growing
control and heat shocked (15 min, 430C) cell line 293 cells is shown (12-hr exposure). (C) Quantitation of the rates of hsp7O gene transcription
(0) and hsp70 mRNA levels (e) in serum-stimulated cells. The autoradiogram (A) was quantitated and normalized to the 18-hr level of hsp70
mRNA. The levels of 32P-labeled RNAs (B) that hybridize to the hsp7O gene were determined by liquid scintillation counting.
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also observed in the other six clonal lines. Therefore, the
region upstream of the hsp7O gene is likely to contain the
regulatory sequences for serum-stimulated transcription.

DISCUSSION
The expression of the hsp7O gene is serum-stimulated in two
human cell lines. Transcription of the hsp7O gene and ap-

D t c hs 0 6 12 18 22 m

0

/ \
./\

0

6 12 18 22
Time after stimulation, hr

t 0 6 12 18 22

4

400 bp
_ 517/506 bp

.- _m - 396
298

221/220

5+
l4B R

o COAT

e-400 bp-,

E 100

--~ 80z s
0

S 60

<C 40-

0. 200

0-

0

.0

6 12 18 22
Time after stimulation, hr

FIG. 5. Levels of hsp70
mRNA and chimeric pHB-CAT
mRNA in serum-stimulated cell
line 293 cells. (A) DNA synthesis
([PH]thymidine incorporation) of4
x 101 cells per point. (B) Relative
levels of hsp70 mRNAs deter-
mined by S1 nuclease.protection
(12-hr exposure). (C) Quantitation
of hsp70 mRNA levels. The
autoradiogram (f) was quantitat-
ed and the results were normal-
ized to the 18-hr level of hsp70
mRNA. (D) Relative levels of
pHB-CAT mRNA determined by
S1 nuclease protection. Cytoplas-
mic RNA from each point after
serum stimulation was hybridized
to a DNA template (t), pHBCAT,
5'-end-labeled at the EcoRI sites,
analyzed by urea/acrylamide gel
electrophoresis. Molecular length
markers (m) are 3'-end-labeled
Hinfl digests of pBR322. Scheme
of the chimeric pHBCAT gene:
arrow indicates direction of tran-
scription from the 5' terminus of
the hsp7O gene (solid area). bp,
Base pairs; lane numbers indicate
time (hr) after stimulation. (E)
Quantitation of levels of pHB-
CAT mRNA. The autoradiogram
(D) was quantitated and the re-
sults were normalized to the 12-hr
level of pHB-CAT mRNA.

A

x

E

u:._

A)
0

z;m

A
x 20

E 16
C)

0 12
c7

= 8-
0 4

z

B

5.6 kb _

2.15 kb

C

Z =
9

._

0) CZ
BE

(A &I

100

80

60

40

20

0

/ / 0

0
/

/

/

6 12 18 22
Time after stimulation, hr

Biochemistry: Wu and Morimoto



6074 Biochemistry: Wu and Morimoto

pearance of cytoplasmic hsp70 mRNA increases in parallel
with DNA synthesis. The serum-stimulated hsp7O gene
expression can be blocked by araC, an inhibitor of DNA
synthesis.
The steady-state mRNA levels of several mammalian

genes increase when cells are induced to proliferate. Expres-
sion of dihydrofolate reductase (24) and histone (25-30) genes
are cell-cycle regulated; levels of c-myc mRNA remain
invariant through the cell cycle (31), yet are responsive to
mitogen induction (32). The temporal pattern and magnitude
of serum-stimulated hsp7O gene expression most closely
resemble that for histone genes. There are, however, distinct
features. While the periodic increase of histone mRNAs
during serum stimulation or cell cycle has been attributed to
message stability (25), posttranscriptional processing (26), or
a combination of transcriptional activity and message stabil-
ity (27, 28), the accumulation of hsp70 mRNA is primarily
regulated at the level of transcription. Like histone genes,
hsp7O gene expression is coupled to DNA synthesis.
The human hsp7O gene contains transcriptional regulatory

sequences that are responsive to serum stimulation, AdS EJA
and heat shock induction. The transcriptional activation of
the human hsp7O gene by three distinct inducers reveals the
potential complexity in regulatory sequences and transcrip-
tion factors. We have demonstrated that the hsp7O gene
remains heat shock inducible under conditions where the
gene does not respond to serum stimulation. This suggests at
least two distinct pathways for transcriptional regulation.
Whether adenovirus EIA induction of the hsp7O gene is
facilitated by yet another mechanism remains to be tested.
The increased level ofhsp7O gene expression in cell line 293

cells is likely to be due to the expression of the integrated
copies of AdS pre-early genes. This is supported by evidence
that hsp70 is induced after AdS infection (14) and the
trans-activation of viral and cellular genes by EJA (10, 11). If
the serum-stimulated expression of the hsp7O gene in cell line
293 cells is mediated and enhanced by EJA, then the similar
response of HeLa cells to serum stimulation would suggest
that HeLa cells contain a cellular analog of EIA. Alterna-
tively, the serum-stimulated expression is independent of
EIA activity because both human cell lines exhibit similar
temporal patterns of hsp7O gene expression. We note that
transcription of sequences within the adenovirus pre-early
region is increased in serum-starved cell line 293 cells and
decreased at times ofmaximal hsp70 transcription. If, indeed,
EIA activity is present in serum-starved cell line 293 cells, we
suggest that EIA is not sufficient to induce hsp70 transcrip-
tion.
The pattern of hsp7O gene expression in serum-stimulated

cells suggests a role for hsp70 during the synthetic phase of
the cell cycle. This is of interest in view of the extensive
homologies among the human and Drosophila hsp70 and
Escherichia coli dnaK proteins (33, 34). Temperature-sensi-
tive mutations in E. coli dnaK prevent both DNA and RNA
synthesis at restrictive temperatures and block replication of
bacteriophage X (35, 36). The dnaK protein appears to be a
component of the DNA replication machinery in E. coli (37).
Similarly, mutations in yeast hsp7O genes result in a temper-
ature-sensitive growth phenotype (38). The temporal pattern
of hsp7O gene expression in human cells after serum stimu-
lation is intriguing in view of the potential growth-related
functions of the hsp70 homologues in yeast and E. coli. By
analogy to the function ofE. coli dnaK, the induced synthesis
of hsp70 after adenovirus infection could signal the recruit-
ment of macromolecules required for viral DNA replication.
We postulate that hsp7O is essential for cell growth. The

transcriptional activation of the hsp70 gene by viral trans-
forming genes (14-16) and a cellular rearranged oncogene
(16) cannot be inconsequential. These oncogenes may disrupt

the normal control of cell proliferation by affecting the
transition from stage Go to G1 of the cell cycle (32). The
induction of hsp70 may then be involved in cellular processes
subsequent to the initiation of DNA synthesis, such as
maintenance of the replication machinery.
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